Background/Aims: Cancer stem cells (CSCs) are considered to be responsible for tumor relapse and metastasis, which serve as a potential therapeutic target for cancer. Aspirin has been shown to reduce cancer risk and mortality, particularly in colorectal cancer. However, the CSCssuppressing effect of aspirin and its relevant mechanisms in colorectal cancer remain unclear. Methods: CCK8 assay was employed to detect the cell viability. Sphere formation assay, colony formation assay, and ALDH1 assay were performed to identify the effects of aspirin on CSC properties. Western blotting was performed to detect the expression of the stemness factors. Xenograft model was employed to identify the anti-cancer effects of aspirin in vivo. Unpaired Student t test, ANOVA test and Kruskal-Wallis test were used for the statistical comparisons. 
Reduction of NANOG Mediates the Inhibitory Effect of Aspirin on Tumor Growth and Stemness in Colorectal Cancer

Introduction
Colorectal cancer is the third leading cause of cancer death and the incidence still maintains as a rapid increase in developing countries [1] . Although conventional approaches have improved survival [2, 3] , a number of patients get feeble benefit from the conventional therapy strategies owing to drug resistance, tumor relapse and metastasis [4] . Colorectal CSCs, which display unlimited self-renewal ability [5] , are responsible for tumor relapse [6] [7] [8] . Colorectal CSCs are characterized by the expression of biomarkers;
LGR5 + [9] , EphB2 high [10] , CD44v6 + [11] , ALDH + [12] and OCT-4 + [13] . Aspirin, also known as acetylsalicylic acid (ASA), has been widely used in the treatment of pain, fever, and inflammation. Aspirin has been shown to be a potential agent for cancer chemoprevention, especially in colorectal cancer [14, 15] , by inducing cancer cell apoptosis and inhibiting cell proliferation [16, 17] . Recently, aspirin has attracted strong attention for its effect on metastasis inhibition [18] [19] [20] [21] and chemotherapy sensitivity improvement [22, 23] . Moreover, aspirin inhibits cancer cells proliferation and induces cancer cell apoptosis by preventing NF-κB activation [24, 25] , interfering with ERK pathway [26] and inhibiting Wnt/β-catenin pathway [27] . However, the mechanism underlying the anti-CSCs effects of aspirin remains unknown.
NANOG serves as a key regulator in both embryonic and cancer stem cells [28] . Overexpression of NANOG is associated with poor prognosis in several malignancies, including breast, colorectal and ovarian cancer [29] [30] [31] . An epidemiological study indicated that NANOG protein may be an independent biomarker for poor prognosis of colorectal cancer [31] . NANOG was reported to play a critical role in CRC stemness maintenance. Consistently, gene depletion of NANOG in colorectal cancer cell lines attenuates spheres formation ability and hampered tumorigenicity [32] . Conversely, overexpression of NANOG in colorectal cancer cells resulted in an increase in clonogenic potential and tumor formation in xenograft models [33] .
There have been some studies on exploring the molecular mechanism for NANOG. An intriguing study demonstrated that depletion of NANOG reduced expression level of cyclinD1 through binding to its promoter region, blocking the cell cycle at G0/G1 phase [34] . In addition, NANOG was shown to promote EMT through its regulation of Slug [35] and E-cadherin [36] . There is considerable evidence that aspirin modulate the NANOG downstream gene. Furthermore, aspirin was reported to suppress cyclin D1 expression to induce cell cycle arrest at G0/G1 phase [37] . Aspirin impedes p65 translocation and result in down-regulation of Slug and thereby up-regulation of E-cadherin [38] . These findings indicate that aspirin may have some effect on NANOG regulation.
In the present study, we showed that aspirin suppressed colorectal cancer cells viability in vitro and in vivo at tolerable concentration. We demonstrated that aspirin attenuated colorectal CSC properties through repressing NANOG. Moreover, aspirin reduced the stability of NANOG protein. These results indicated that aspirin was a potential agent for cancer treatment by targeting CSCs.
Materials and Methods
Cell culture HCT116 cells were purchased from the American Type Culture Collection (ATCC). LoVo and RKO cells were provided by Prof. Wuguo Deng (Sun Yat-sen University, Guangzhou, China). HCT116 cells were cultured in McCoy's 5a medium (Invitrogen Corp.) containing 10% fetal bovine serum (FBS, GIBCO). LoVo cells were maintained in RPMI-1640 medium (Invitrogen Corp) containing 10% fetal bovine serum (FBS, CCK-8 assay HCT116, LoVo and RKO cells were seeded in 96-well microplates and cultured with various doses of aspirin for 24, 72 and 120 h. CCK-8 solution (Dojindo) was added to the cells, and the cells were incubated for another 3 h at 37°C. The optical density (OD) was measured at an absorbance of 450 nm.
Sphere formation assay
Cells were seeded in 24-well ultra-low attachment plates (1×10 3 cells/well) and maintained in DMEM/F12 (Gibco) supplemented with 20 ng/ml epithelial growth factor (EGF, Sigma-Aldrich), 20 ng/ ml basic fibroblast growth factor (bFGF, BD Biosciences) and B27 (Invitrogen) for 7-10 days. The spheres were photographed using an inverted microscope (Olympus). Spheres larger than 50 μm in diameter were counted.
Colony formation assay
Approximately 1×10 3 cells were plated into 6 mm 3 dishes and treated with aspirin or DMSO. After 10-14 days, the cells were fixed in 4% PFA and stained with a 0.05% crystal violet solution (Sigma-Aldrich).
ALDEFLUOR assay
For the ALDH assay, cells were identified using the ALDEFLUOR reagent kit (STEMCELL, #01700). Cells were suspended in ALDEFLUOR assay buffer at a concentration of 1×10 6 cells/ml and divided into two tubes labeled "control" and "test". Diethylaminobenzaldehyde (DEAB), a specific ALDH inhibitor, was added to the control tube to control for background fluorescence. Activated ALDEFLUOR reagent was added to both tubes. The tubes were incubated for 30 minutes at 37°C, and the tubes were then centrifuged for 5 minutes at 250 g. Cell pellets were resuspended in ALDEFLUOR assay buffer and stored on ice. The ALDH1-positive subpopulation was detected by FACS.
Western blot analysis
Cellular proteins were extracted using RIPA buffer supplemented with the protease inhibitor PMSF and the protease inhibitor cocktail (MCE). The protein concentration was measured by Bradford assay. Equal amounts of cellular proteins were loaded to separate in 8-15% SDS-PAGE and then transferred to nitrocellulose membranes (Millipore) via submerged transfer. After blocking, the membranes were incubated with various primary antibodies at 4°C overnight. Next, the membranes were incubated for 1 hour at RT with the appropriate secondary antibodies. Proteins were visualized using an enhanced chemiluminescence kit (Advansta).
The following antibodies were used: NANOG (Abcam #80892 
Tumor growth in xenografts
All animal studies were approved by the Institutional Animal Care and Use Committee of Dalian Medical University and were carried out in accordance with national and international guidelines for the care and maintenance of laboratory animals. HCT116 cells were suspended in McCoy's 5a medium supplemented with 50% Matrigel (BD Biosciences) and then injected into BALB/c nude male mice (four to six weeks old) subcutaneously. On day 5, the mice were randomly divided into two groups, and aspirin or vehicle control was administered intragastrically once daily. Tumor volumes were estimated using calipers once every three days according to the following formula: (A×B Cellular Physiology and Biochemistry
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Gene knockdown by short-hairpin RNA The sequences of the shRNA constructs targeting NANOG (1#, 2#) are as follows: 1#ACAGCAGACCAC-TAGGTATTTCTCGAGAAATACCTAGTGGTCTGCTGTTTTTTG and 2#AGATGAGTGAAACTGATATTACTCGAGTA-ATATCAGTTTCACTCATCTTTTTTG. The above fragments were cloned into pLKO-tetO-shNC.
pFLAG-CMV2-NANOG was a gift from Prof. Lingqiang Zhang (Dalian Medical University, Dalian, China).
Real-time quantitative PCR
Total RNA was extracted using TRIzol reagent (Life Technologies, 15596026). The EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix kit (TransGene Biotech, #AE311-03) was used to generate cDNA. Real-time PCR was performed using Platinum SYBR Green qPCR SuperMix (Invitrogen). Each sample was detected with three pairs of NANOG primers. GAPDH was used as an internal control for normalization.
Statistics
Each experiment was performed at least three times. Statistical tests were performed using SPSS Statistical 17.0. An unpaired Student's t test was used for statistical comparisons between two groups. One-way ANOVA followed by the least significant difference test was used for multiple comparisons. The Kruskal-Wallis test was used for statistical comparisons of data with non-normal distributions. All data are expressed as the mean ± standard error (S.D.). A p value less than 0.05 was considered statistically significant (*p<0.05, **p<0.01, ***p<0.001).
Results
Aspirin inhibits cell viability in colorectal cancer cells
To determine the effective inhibitory concentration of aspirin, colorectal cancer cells were treated with different doses of aspirin for 120h. CCK8 assays showed that the 50% Fig 1A) . In addition, dose levels of aspirin at 1-5mM are ideal for clinical anti-inflammation treatment [39] . Thus, subsequent studies were carried out at the 1.25mM and 2.5mM. To evaluate the effect of aspirin on colorectal cancer cells viability, the colorectal cancer cell lines were treated with a different concentration and time gradient. We observed that aspirin reduced cell viability in a dose-and time-dependent manner (Fig. 1B) . These results indicated that aspirin inhibited the cell viability of colorectal cancer cells. 
Aspirin attenuates cancer stem cell properties in colorectal cancer cells
To identify the effects of aspirin on CSC properties, we performed sphere formation, colony formation and ALDH1-positive assays in colorectal cancer cells. Compared with controls, the spheres size of aspirin groups was smaller when cultured with 1.25mM and 2.5mM aspirin. The number of spheres which diameter larger than 50μm were decreased by treating with aspirin (Fig. 2Aa) . Similar results were observed in LoVo cells (Fig. 2Ab) . To gain further evidence about the effects of aspirin on CSC properties, colony formation assay was performed. Aspirin significantly decreased the colony formation number in HCT 116 cells, LoVo cells (Fig. 2B) . Next, we used flow cytometry to investigate whether aspirin attenuated CSC properties based on ALDEFLUOR assay [40] . As expected, aspirin decreased the ratio of ALDH1 positive cells by approximately 30% after treating with 2.5mM aspirin for 7 days (Fig. 2C) . Collectively, these results suggested that aspirin attenuated CSC properties in colorectal cancer cells.
Aspirin suppresses the expression of stemness factors
We detected the expression level of several stemness factors, including c-Myc, OCT4, NANOG and SOX2 [32, [41] [42] [43] by western blotting. Aspirin suppressed the stemness factors expression with increasing dose (Fig. 3A) , whereas SOX2 expression could not be detected in HCT 116 cells. Next, we treated cells with 5mM aspirin, and detected the expression of stemness factors at 1, 3, 5 days. The expression levels of stemness factors were decreased with increasing time (Fig. 3B) . These data indicated that aspirin may suppress CSC properties by decreasing the stemness factors expression.
Aspirin inhibits xenograft tumor growth and tumor CSCs stemness
We next identified the in vivo anti-cancer effects of aspirin by employing a xenograft model. Nude mice were injected subcutaneously with 5×10
5 HCT 116 cells and treated with DMSO or aspirin (100 mg/kg/d) by intra-gastric administration. The tumor xenografts were harvested from euthanized mice after 21 days treatment. The tumor size was reduced in the aspirin-treated group compared to the DMSO-treated control group (Fig. 4A and 4B) . We also observed that the tumor weight in aspirin-treated group was lower than that in DMSO-treated control group (Fig. 4C) . In addition, there is no significant difference in body weight between control group and aspirin-treated group (Fig. 4D) . These results indicated that aspirin suppressed tumor growth and stemness meanwhile induced scarcely toxicity in xenograft model. To investigate whether aspirin attenuated the stem cell properties of xenograft tumor, we performed sphere formation assay with the primary culture cells (Fig. 4E) . Both the sphere size and sphere number in aspirin-treated group were smaller than that in DMSO-treated control group. Furthermore, the western blotting showed that the aspirin-treated xenograft tumors expressed lower levels of stemness markers as compared with the DMSO-treated control group (Fig. 4F) . Collectively, these results demonstrated that aspirin inhibited tumor growth and CSCs stemness in xenograft tumors. Cellular Physiology and Biochemistry
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Aspirin attenuates colorectal cancer stem cell properties through down-regulating NANOG
Previous studies have shown that NANOG plays key roles in maintenance of CSCs stemness [32] . We thus hypothesized that NANOG might play an important role in aspirininduced CSCs stemness suppression. NANOG knockdown was achieved through stable lentiviral-mediated short hairpin RNA interference (shRNA) (Fig. 5A) . We treated control cells and NANOG knockdown cells with DMSO or aspirin for 7days. Aspirin has no effect on sphere formation in NANOG knockdown cells. Meanwhile, aspirin attenuated the sphere formation in control cells (Fig. 5B) . To overexpress NANOG in cells, we used a wild-type flagtagged NANOG-encoding expression plasmid (Fig. 5C ). We performed the sphere formation in cells with NANOG overexpression. We found that the impairment of aspirin on sphere formation was rescued by overexpressing NANOG (Fig. 5D) . Collectively, these results suggest that aspirin attenuates CSC properties through NANOG downregulation in colorectal cancer.
Aspirin suppresses NANOG by decreasing protein stability Next, we found that protein expression of NANOG was suppressed in cells treated with aspirin (Fig. 6A) , while mRNA expression of NANOG was up-regulated (Fig. 6B) . These results suggest that aspirin suppressed the expression of NANOG at protein level. To determine if the half-life of NANOG was shorter upon the aspirin treatment, we treated cells with protein synthesis inhibitor cycloheximide followed by either aspirin or DMSO. This revealed that the half-life of NANOG was significantly shorter when cells were treated with aspirin compared with DMSO (Fig. 6C) . The repression of NANOG induced by aspirin was not rescued by treating with MG132, a proteasome inhibitor, suggesting that aspirin reduced NANOG expression via proteasome-independent pathway (Fig. 6D) .
Discussion
Earlier studies of aspirin clarified significant effects for aspirin in anti-cancer therapy, including induction of apoptosis and chemotherapeutics sensibility, inhibition of proliferation Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry and metastasis. Molecular mechanisms underlying anti-cancer effects were associated with inactivation of NF-κB, ERK, MAPK and Wnt/β-catenin pathways.
In this study, we provide new evidence that aspirin attenuates CSC properties through down-regulation of NANOG in colorectal cancer. We showed that aspirin inhibited colonosphere formation, decreased the ALDH1 positive cell population of colorectal cancer cells, down-regulated the protein expression of stemness-related transcription factors c-Myc, OCT4 and NANOG. Therefore, we demonstrated that aspirin attenuated CSC properties in colorectal cancer, which suggests a potential effect of aspirin in cancer therapy. Interestingly, aspirin has no effect on sphere formation ability in NANOG knockdown cells, and ectopic expression of NANOG rescued the aspirin-repressed sphere formation ability. Our finding indicated that NANOG plays an important role in aspirin induced inhibition of CSCs stemness. The present study suggested a compelling strategy in cancer treatment.
CSCs are considered to be responsible for tumor relapse and metastasis. Therefore, targeting CSCs is essential for complete tumor eradication. Thus, the therapeutic strategies targeting CSCs are effective. CSCs can be targeted by inhibiting relative pathways and factors. More and more CSCs targeting drugs have been explored in past and recent years [44] , such as IWP and Pyrvinium, new small molecules which are able to inhibit Wnt/β-catenin signaling pathway [45, 46] . In addition, curcumin, piperine and sulforaphane have been shown to attenuate CSCs by suppressing Wnt signaling pathway [47] [48] [49] . Metformin selectively targets NF-κB and STAT3 to suppresses CSCs [50] . These results suggest that antiCSCs targeted drug can improve the therapeutic efficacy of cancer treatment.
Clinical, epidemiological, and experimental studies all indicate that aspirin possesses anticancer activities. Common anti-cancer effect of aspirin includes induction of apoptosis and inhibition of proliferation [51] . In recent years, aspirin is suggested to cause a change in cellular metabolism by inhibition of mTOR and active AMPK in colorectal cancer cells. In addition, several clinical and experimental studies support that aspirin inhibits metastasis which is a promising effect of aspirin [18, 19] . Consistently, we proved that aspirin inhibits metastasis in colorectal cancer cells. Besides, it is reported that aspirin induces differentiation of several studies [52, 53] . These results from our group and others suggested that aspirin inhibits metastasis and promote differentiation.
Our reports unveiled a novel mechanism underlying the anti-cancer effects of aspirin, thus aspirin attenuated colorectal CSC properties by NANOG down-regulation. For the first time we reported that aspirin repressed NANOG expression in protein level by decreasing the stability of NANOG. These data indicated that aspirin may be a potential agent for cancer therapy by targeting NANOG.
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